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Several authors have described the basic requirements essential to build a scalable quantum computer.
Because many physical implementation schemes for quantum computing rely on nearest-neighbor interactions,
there is a hidden quantum communication overhead to connect distant nodes of the computer. In this paper, we
propose a physical solution to this problem, which, together with the key building blocks, provides a pathway
to a scalable quantum architecture using nonlocal interactions. Our solution involves the concept of a quantum
bus that acts as a refreshable entanglement resource to connect distant memory nodes, providing an architec-
tural concept for quantum computers analogous to the von Neumann architecture for classical computers.
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Most modern computers share the same basic architectutirough an ancilla at each step using fault tolerant controlled
first proposed by von Neumann in 1945. Von Neumann orNOT gates, however, this requires a physical architecture that
ganized a computer into four basic components: memory, anan accommodate sufficient numbers of ancillae between any
input and output system, an arithmetic logic unit, and a contwo memory qubits. The consequence is that swapping can
trol unit. The four units were interconnected by a bus thatintroduce large overhead in terms of computational steps and
provided for the flow of classical bits or information betweenancillae when one includes error correction on the swapping
the various componentgl]. Basic elements sufficient to gates themselves and on the quantum memory of the com-
build a scalable quantum computer have been described kputer during the operations.

DiVincenzo[2] and Preskil[3]. The five DiVincenzo criteria In contrast, our approach is to divide the physical qubits
[2] for building a quantum computer af®) a scalable physi- of the computer into static domains storing quantum memory
cal system with well characterized qubit®) the ability to  and a dynamic bus of qubits connecting the doméiig. 1).
initialize the state of the qubits to a simple fiducial st&a®, Nearest-neighbor pairs within the bus can be entangled by
long relevant decoherence timé4) a universal set of quan- spatially selective system interaction. By performing mea-
tum gates, an¢b) a qubit specific measurement capability. In surement at the joints between the pairs, the entanglement
addition, Preskill lists other elements necessary for fault tolcan be swapped5] to provide entanglement between the
erant computation in order to maintain a reasonable accuragnds of the bus. Any nonlocal two-qubit controlled unitary
threshold. Two of these are maximal parallelism and gategate can then be implemented using one maximally en-
that can act on any pair of qubits. tangled bus pair neighboring the distant memory nodes using

Although Preskill[3] communicates the need to interact only nearest-neighbor operations and classical communica-
arbitrary pairs of qubits, he provides no solution for this in ation [6,7]. This approach, using entanglement swapping, has
typical quantum computer restricted to nearest-neighbor inthe advantage that the “quantum bus” need not meet the
teractions. DiVincenzd2] mentions two additional criteria same requirements as fault tolerant computation but must
essential for quantum communications: namely, the ability toonly reach the minimal threshold required for entanglement
interconvert stationary and flying qubits, and the ability topurification[8]. Note that this model for a quantum bus using
faithfully transmit flying qubits between specified locations. nearest-neighbor interactions differs from a common quan-
Clearly, if such capabilities were engineered into the architum bus shared between all memory nodes as in the ion trap
tecture, the above requirements of qubit interconnectivityguantum computing proposdls].
and parallelism could simultaneously be satisfied. In this pa- The efficacy of this protocol depends on the ordering of
per we show an alternative approach based on the concept nimerous time scales including gate times for one- and two-
a quantum bus that consists of refreshable qubits that act asqaibit operations, measurement times, and decoherence times.
resource for entanglement. This concept bears similarity tén our approach, error rates are divided into static decoher-
the classical bus, key to the von Neumann architecture.  ence errors for errors that occur when a qubih@ being

For concreteness, we consider a lattice model of a quarmanipulatedand dynamic decoherence that results from ma-
tum computer(e.g., a neutral atom optical lattice, quantum nipulating the qubits. The described architecture is appropri-
dot arrays, or*P embedded $#]) where qubits are fixed in  ate to the situation where the static decoherence time is much
position and interactions are with nearest neighl§brg. 1). longer than the other time scales in the problem so that the
One obvious way to connect distant qubits is to swap thdimitation on the fidelity of the computation is due almost
states through intermediary qubits until the states are adjazompletely to dynamical, one- and two-qubit, errors. Our
cent to each other, perform the requisite operations, and thgsroposal also requires Bell state measurements on the joints
swap back. The number of steps scales linearly with the dissetween nearest-neighbor entangled pairs, consequently the
tance between the pair, while the resultant fidelity due tameasurement erroks,.,smust be comparable to dynamical
one- and two-qubit errors associated with swapping falls offerrors. The requirements on the error rates must therefore
exponentially. One can make this fault tolerant by swappingsatisfy €peas™ €2pit,10it> €static-
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FIG. 1. A lattice model of a quantum computer. The qubits in the boxes correspond to static physical qubits storing quantum memory,
here shown comprising a seven qubit quantum error correction [d@jeRefreshable dynamic qubits in the channel are used as a bus to
carry information stored in the static qubits. Pairwise entanglement is generated along the bus indicated by lines connecting physical qubits,
and Bell measurements are made at the jofelspses to perform entanglement swapping. By creating parallel entanglement resources,
nonlocal operations can be implemented transversally between code blocks. Increasing the number of qubits in a box can accommodate
concatenated encoding.
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We first describe the procedure for implementing resource=I1
swapping under ideal operations and then discuss the effegin; features of the cjomplétion gate. First, because it only
of noise on the protocol. Resource swapping with nearestyois o the first qubit, it commutes with all other operations
neighbor interactions involves entanglement swapping, ihe entanglement swapping, meaning all intermediate
throughl —1 qubits beginning with unentangled bus qubits o ¢ rements can be made :simultaneously. Second, the
and Endingl_vvitg idiSta?t entangled PR, . ;I'he prot(k))pol dcompletion gate depends only on the bitwise sums of ,the
ot e e oy oo o 18 8 00 QU between th istant par. A s, e
single-qubit completion gaie on one end as shown in Fig. Zgntanglement bu; IS set up in-an alternating order of physi-
While this procedure takd$2— 1 Bell measurements, unlike cally @stmgt SPECIEs, then itis only hecessary to collect two
swap operations discussed above, all the measurements c3fssical bits of information: a parity measurement of the

be performed simultaneously instead of@ql) steps[11]. ~ €ven and odd€,0) indexed species. If a detector can dis-
The completion gateo__l where oo =1,00,=0,,0, criminate parity for each species, e.g., in the case of atomic
s ! i X )

|'j l . . .
=0,,00,=—li0,, transforms the four possible maximally systems by counting parity of scattered photons from transi-

entangied Bell statek¥")=o(|00)+|11))/2 resulting tions on|1),, to excited state$f), , induced by two reso-
from the measurement into théj fiducial stee®®). Because nant fields, then one need only have global addressability of

the Pauli operators anticommute, the completion gate del€ tWo species and local addressability at the boundaries.
pends only on the parity of measurement results For instance, a lattice architecture could be built with some

c{0,1,, over even and odd ordered qubitsiry addrgssable impurity or boundary near each ‘memory qubit
location, relaxing the constraint of addressability along the
intervening channels. An example of a system that could

[V\J {\m m exploit this parallelism is proposed in R¢12] where coun-
terpropagating beams of cross-polarized light produce an al-

0} T O um ternating array of potential wells trapping atoms of two spe-

o) —HH*+1H T @_‘I\ cies with polarization along, or o_ . Rotating the relative

lo} T H—* —H- 2 angle of polarization allows selective pairwise interactions

o} @ . @ . @—— with the left or right neighbors of a particular species.

o} T¢I l -0 Maximally entangled Einstein-Podolsky-Rosen pairs can

0) = 1 . @__y be used as a resource for perfect nonlocal gates, obviating
= = - the need for swapping memory qubits. In a real experimental
: setup there will be noise in this process due to imperfect

) o -+ control over one- and two-qubit unitary operations as well as

measurement errors. The resulting distant entangled pair af-

m {V\J !\AJ ter noisy operations will be in a mixed state, whose character
depends on the noise and the measurement results of the
FIG. 2. Quantum circuit to implement entanglement swappingmtervenmg_ States' We fOCl.JS on phy3|ca_l systems Wher_eln
in six time steps, independent of length. The bus qubits are initial-s"ngle'quIt u_mta_wy op_er:?mons can be |_mplementgd with
ized to|0) and subsequent one-qubit= o-,e' (™47, and two-qubit near-perfect _fldel|ty. This is the case, for mstanpe, in many
gates,crHase=e' 19 are applied in parallel. The shaded gray quantum optical systems such as ion traps, cavity QED, and
time slices correspond to periods where two-qubit noise or meaPptical latticeq4]. A counterexample is in liquid state NMR
surement error may occur. The lines connecting to the classicdlL3] wherein the many-qubit coupling gates are always on
processor represent classical information from measurement resui@d careful pulse engineering is needed to implement one-
on qubits of alternating ordered species that need not be individugubit gates selectively. In principle, all one-qubit errors could
ally addressed. be incorporated into the two-qubit error map except for the
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final single-bit completion gatéFig. 2. We consider two ;5\ =p' 1o}, (a, | ¥OO(WO + b (|TOY(WOY + | P10
types of two-qubit errors. One is depolarizing error described
by the map X(UED) +a [T T ) o+ (1-p' V4, (4)

— 2n —
IS —pUpUT+(1=0)Tr: : ®1 /4, 1 where a.,=1/41*+2(27—-1)"+(27—-1)"], b,=(1
aetp) =P UpU T+ (1=p)Tr o] L, @ —a,n,—a_p)/2, andal, is the completion gate on qubit 1.
The fidelity for a lengtH pair is defined as the overlap of the
resulting state with the maximally entangled stdfg
g(\PO’OI oyprom | ¥09. For depolarizing error the fidelity
is

where U is the desired unitary to be performed on qubits
(i,j) [in our caseU =controlled PHASE (CPHASB] and p is
the probability that the gate was successful. This error can b
interpreted as a process where with a probabilityplone of
the 16 possible combinations of tensor products of two single _1 -1 1-1)/2 -1
qubit uFrjlitaries chosen uniformly and raf)ndomly from the sget Fi(p.m)=3(1+p N (2(27- 1) D5+ (29-1) )'(5)
{o.®0p} (a,=0x,y,2) acts on the interacting qubits dur-
ing the expected gate. This kind of error can occur when The CPE map during entanglement swapping creates a
there is uncertainty of the control fields modeled as addimixed state that is a convex sum of the Bell diagonal and
tional single-bit rotations sampled from an isotropic distribu-|ogical basis diagonal states. The recursive map for this
tion acting on the two qubits. model has a complicated form as a function of the number of
A second error model is the controlled phase e(RE):  swaps, but it is straightforward to show that fidelRyis the
same as that for the depolarizing error. Indeed, upon random-
+ izing the state after all measurements with the t{&il op-
SCPE(P):I deg(@)U(#)pU(4), @ eratorT(p)=1/43%_0,@0po @, the state is equal to
Eq. (4). We can generalize this error model to include the
WhereU(d)):ei(‘“”)‘“)(ll‘, is thecPHASEgate with an ad- effect of leakage due to coherent evolution that takes popu-

ditional unknown phase sampled from the probability distri-lation out of the logical basis. As a simplification, we assume
butiong(¢). In the case thag(#) is symmetric about zero, this process occurs only for population in tfid) state such

the map is simply that during thecPHASE gate population coherently evolves
into states |k) outside the logical basis:|11)—
Sepe(p)=pU(0)pU(0) +(1—p)p 3) —e'*7"2|11)+ =, a,]k). Tracing over the other states, the

effective evolution can be related to the CPE model with

nonunitary evolution by substitutindJ(¢+ivy), where

This map corresponds to a physical situation where som%(¢) is as above ang is an effective decay. The CPE with

experimental uncertainty in the field S“ef.‘gth' timing, or eakage does not display some of the nice symmetry proper-
strength of the interaction, imparts an additional unwante

. lies of the other two error models and the fidelity as a func-

flon of the number of swaps does not have a general closed

the proposals for controlled phase gates using dipole-dipolg) "<\ tion. Under the assumoti :
_ " . . ption of independent Gauss-
interactions between trapped alkali metgl®,14]. In these ian noise on the additional phagein U(¢) and in the limit

proposals, fluctuations in the trapping potential or dipole N+t the probability of error over the number of swaps is

ducing laser amplitude or detuning results in a nonseparabl Ve A .
phase accumulation. Small (| v,1(1—p)<1), the fidelity is approximately

To account for the measurement error, we associate the 1
experimental measurement outcomes 0 and 1 with two- F|(y,p,77)~1—6{4p"1e"7[(277—1)"1
dimensional projectorsPy= 7|0)(0|+(1— 7)|1)(1|, and
P,=1-Py. This model includes less than perfect detector +2(29— 1)('*1)/2]+3+e72w}' (6)

efficiency # since there is a probability (1 ») that a detec-
tor reading of 0 actually results from the qubit being in state It is evident that for the error models considered here the
|1), and conversely for 1. In many systems, the efficiencyfidelity falls off exponentially with distance, however, as
can be improved at the cost of lengthening measuremeriong as the measurement error is not too large, the fidelity
time. For example, the internal state of atoms or ions can beatio of swapping information versus resource swapping is
detected by optically pumping population to “stretched exponentially small. This is evident because it requires at
states” of maximal spin angular momentum projection andeast| swaps to connect two qubits a distaricapart and
tuning to a resonant transition with the excited state. Theeach swap requires at least two maximally entangling gates
presence or absence of scattered photons corresponds ton@aningFPVAP<p?. The time to implement parallel en-
zero or a one and detector inefficiency due to dark counts catanglement swapping i$cniswag=471bit + 2 72bit T Tmeas iN-
be suppressed by scattering more photons. In this way effdependent of lengtand can be much faster than the minimal
ciencies of 0.9999 can be obtaingkb]. swapping timeTgya,= 2| 7oyt Provided 7pcqs iS NOt too
The effect of entanglement swapping through one pair ofarge.
qubits under the depolarizing map produces a Bell diagonal Ultimately, in order to perform a high fidelity nonlocal
state. The recursion relation can be solved to show that thgate, the long distant mixed entangled pairs will have to be
state after swapping througi=1/2—1 pairs is purified. There are several protocols for entanglement purifi-
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cation. Efficient protocols that use two-way classical com-+d| w15 (¥, wherea>b,c,d, the fidelity of the gate is
munication work by performing nearest-neighbor operationgletermined by the ability of this resource to map a product
at each end of two mixed-state pairs and, based on measurgiate ofA,B to a maximally entangled state and is given by
ment results on each of two particles in a target pair, the o _

round succeeds and the control pair’s fidelity improves, or Foad P ) =pan™+(b+c)n(l=7)

the round fails and measurement results on both pairs are +d(1—75)?]+(1—p?)/A. (7
disregarded. Provided the initial pairs have fidelity above a ) ) ) )
certain thresholdR ;> 1/2 for perfect operationsthe map The quantum bus architecture described in this paper ap-

pears to be appropriate to neutral atoms and the nuclear spin

will converge toF,.,=1 after a finite number of rounds. ] £31 inSi.f | his |
Dir et al.[16] demonstrate that by using quantum repeaters/€rsion of P embedded in Si, for example. This is because

one can achieve high fidelities with noisy operations whileiggu?tofggai% d;?ggegﬁg?zr:g ttvr;i?e ustl;[iltjitlzr;;tilgnzeg?\\éegotto
sacrificing a number of qubit resources that scales polynomi- mp q L P '
due to static memory decoherence; in contrast to some

2'('))S/tW|th the length of the channel and a subsequent t'meschemes using superconducting quantum interference de-

If.a wide entanglement bus with many parallel channels i vices an(_j quantum dofst] where errors appear to be. as
available in a quantum-computer architecture, the quantuﬁlkely. attimes betvyeen gates as dunng.gates. The projected
' Moution is interesting because information does not need to

repeaters nesting algorithm of entangleme_nt swapping ang, moved, thereby reducing memory decoherence and the
purification actions may be preferable to a single purification

: . overall clock time for the nonlocal gate operations. Although
stage, as used in the Deutsch pratddl. It will depend on we describe our model in terms of a two-dimensiof#iD)

the time scales for single-qubit memory decoherence time ttice of qubits, it could be readily extended to a multiplexed

whether the additional time cost of the repeaters is overal et of ion traps. Also, 3D lattices or alternative 2D lattices

advantageous for robust quantum information processing. A§uch as hexagonal close packing may be advantageous, es-
an example, given a measurement detector efficiency '

) I ecially with regard to resource scheduling. For instance,
=0.99, a two-qubit gate success prol_:)ablhtyt 0.995, and_ gome éuantum glgorithms can be parallelizgd to exploit the
no dgcay, a length=25 .entangled pair can be made with commutivity of certain operationgl8] if pairs of memory
fidelity F.:.O'7.4' After six successful rounds of entangle- nodes can be simultaneously connected. It is not clear what
ment purification under the Deutsch protocol, the resultanf, . optimal scheme is to create the necessary entanglement
single pair will have fidelity-=0.996. The initial entangled

. b de i lel and pai b d . resources simultaneously to perform such nonlocal opera-
palrﬁ Cﬁn € lma ehln pharabe ?Jn pairs cgn e neste 'ns'qﬁ)ns since the resource of bus qubits is limited. Neverthe-
each channel so that the bus between adjacent memory Gikss it js apparent that a 3D lattice will have a significant
bits need not be too wide.

- .. advantage over the 2D with internode distances that scale
Once statg,, has been purified to an acceptable fidelity, like 13 vs Y2 and diverse pathways for resource swapping.
then the nonlocal gate can be implemented between

two memory qubits A and B using nearest-neighbor This work was supported in part by DARPA under the
gates betweer\ and 1 andB and| and measurement on QulST program and by ARDA/NSA. We would like to ac-
the qubits 1 and [7]. For a given resource in a Bell diagon- knowledge Mark Heiligman for first suggesting the idea of
al state,py;=a| V(W29 +b|WLO(W1Y+c|woH (W2  quantum architectures and for useful discussions.
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